Abstract: In this study, 43 elite clones of Populus deltoides were fingerprinted with ABI 3730 capillary electrophoresis by using six SSR primer pairs. Based on the fingerprinting profiles, 62 polymorphic bands were generated with a mean number of 10 alleles per locus, and allele numbers amplified by each primer in these clones ranged from 5 (NJFUP-poly10) to 16 (NJFUP-poly07). The power of discrimination values for these primer pairs ranged from 0.80 to 0.94, with an average value of 0.89. Among the six primer pairs, the most efficient primer pair for genetic discrimination of these elite clones was NJFUP-poly02, which could identify 22 of the 43 elite clones directly. In conclusion, all the 43 elite clones of P. deltoides could be discriminated unambiguously based on their genotypes at the six SSR loci. The combination of all six loci gave considerable reliability and accuracy for genetic identification of these clonal accessions. Subsequently, genetic relationship of these clones was plotted by the UPGMA clustering and principle component analysis. Results of both analyses indicated that clone "C7-1" had the largest genetic distance from the other clones, followed by clone "C51-1" and a subgroup comprising clone "C100-3" and "C62-3". These clones are proposed to be possibly more affected by the inter-specific gene introgression.
Introduction
Populus deltoides Marsh. is one of the most economically important poplar species in many temperate regions of the world, and more than 90% of the cultivated poplars in the world are hybrids of P. deltoides and P. nigra (Food and Agriculture Organization of the United Nations 1979). With the increasing number of elite clonal accessions promoted for cultivation in commercial plantations, rapid and reliable identification of the elite Populus clones is essential for effective selection, breeding, and genetic resource management programs (Rahman and Rajjora 2002) .
Traditionally, clones of Populus were identified based on morphological and phenological traits, such as descriptions of the tree, leaf, and floral characteristics and growth habit (UPOV 1981) . However, traditional observations are difficult, time consuming, and often subject to errors owing to environmental factors affecting the expression of these characteristics. In addition to these morphological markers, biochemical markers such as isozymes, which are based on multilocus allozyme genotypes, can be used to identify clones of P. deltoides and some other poplar species (Rajora 1988 (Rajora , 1989a Rajora and Zsuffa 1989; Rajora and Dancik 1992) . Nonetheless, this type of marker is of low efficiency and reliability (Dayanandan et al. 1998 ) because isozymes are not genetic materials but products of gene expression.
The development of molecular markers has, however, provided more efficient and widely applicable tools for the investigation of genetic diversity (Chalmers et al. 2001) . The potential of DNA markers for the identification of Populus clones has prompted several studies. Rani et al. (1995) used RAPD markers to gain rapid and precise information about genetic similarities or dissimilarities in micropropagation systems of P. deltoides, while RAPD markers has proven to be limited by a lack of reproducibility. Gao et al. (2009) used nine AFLP primer combinations to identify 22 clonal accessions of P. deltoides and P. canadensis with high polymorphism, but this method involves complicated experiments and data analysis. Among molecular markers, SSRs (simple sequence repeats) are stretches of DNA termed microsatellites. They consist of tandemly repeated nucleotide units that are arranged throughout the genomes of different plant species (Tautz and Manfred 1984; Lagercrantz et al. 1993; Powell et al. 1996) . In poplars, SSR loci were first isolated by Dayanandan et al. (1998) in P. tremuloides. Many studies have shown that SSRs are powerful tools for DNA fingerprinting (Lanteri et al. 2012) , as well as genetic mapping (Broun et al. 1996; Powell et al. 1996; Schoot et al. 2000) , phylogenetic and genetic relationship studies (Goldstein et al. 1977) , population genetics, and marker-assisted breeding (Goldstein et al. 1999) . Using 10 SSR primer pairs, Rahman and Rajjora (2002) unambiguously identified 96 clones of six poplar species and separated them into six major groups. Liang et al. (2005) used SSRs to analyze genetic variations and genetic relationships in Populus L., and classified 10 clonal accessions into three groups. Nowadays, SSR markers are recognized as one of the standard methods for DNA fingerprinting by UPOV (2007) .
In this study, we used SSR fingerprinting technology to generate a set of simple, rapid, and reliable molecular markers for genetic identification of 43 elite P. deltoides clones. It will provide technical support for the sustainable development of poplar plantations, as well as a theoretical basis for the further development and utilization of these poplar resources.
Materials and Methods

Plant materials
This study included 43 elite clonal accessions of P. deltoides. Among which, clones with an accession number started with a letter "L", or "S", or "T" were elite clonal accessions imported from USA, where "L", "S", and "T" stood for clones originated from Louisiana, Mississippi and Texas, respectively. These clones were selected by the American breeders, and imported and propagated from cuttings. As for clones with an accession number started with a letter "C", they were elite clonal accessions selected from over ten thousands of seedlings that propagated with open-pollinated seeds, which were collected on elite trees from the natural population of P. deltoides in Louisiana, Mississippi and Texas. The latitudes and longitudes of the mother trees' location were listed in Table 1 . The cuttings and seeds were imported in 1991, and these P. deltoides germplasms were maintained in Sihong Forestry Farm of Jiangsu Province, China.
DNA extraction
Total genomic DNA was extracted from about 0.1 g young leaves of each clone by using a standard cetyltrimethyl ammonium bromide method (Dellaporta et al. 1983; Porebski et al. 1997) . The DNA was quantified with a spectrophotometer (Nanodrop 2000) and compared to the diluted Lambda DNA markers (Takara Biotechnology Co., Ltd., Dalian, China) on a 0.8% agarose gel. The extracted DNA was stored at −80°C until use.
PCR amplification and data collection
Ninety-six SSR polymorphic primers developed based on sequences of popalr genome (Tuskan et al. 2006) were synthesized by Generay Biotech Co., Ltd., (Shanghai, China). First, we screened primers that generated highly polymorphic and clear alleles (Table 2) . PCR was carried out with 15 μL PCR reaction mixtures containing 1× reaction buffer, 0.27 mM dUTPs, 1.5 μg BSA, 10 pmol of each primer, 30 ng template DNA, and 2 U Taq DNA polymerase (Takara Biotechnology). PCR amplification protocol was as follow: denaturation at 95°C for 3 min; followed with 9 cycles touchdown program of 15 s denaturation at 95°C, 30 s annealing from 59 to 50°C, and 30 s extension at 72°C; then 25 cycles of normal PCR with 15 s denaturation at 95°C, 30 s annealing at 50°C, and 30 s extension at 72°C, ended with extension of 3 min at 72°C. PCR products were visualized and analyzed by using an ABI 3730 DNA analyzer (Applied Biosystems, Foster City, CA, USA). The genotypic data of each clone were recorded by using the GeneMapper software (Applied Biosystems, Foster City, CA, USA). The following parameters were calculated: number of alleles, observed heterozygosity (Ho), number of observed SSR genotypes, and number of clones with unique genotypes.
Power of discrimination
The power of discrimination (PD) of each microsatellite marker was determined with the formulation as:
, where G i is the frequency of the ith genotype at locus i (Kloosterman et al. 1993; Shehata et al. 2009 ).
Analyzing the genetic relationship
UPGMA (unweighted pair group method with arithmetic averages) clustering and PCA (principal component analysis) were used to describe the genetic relationship among the 43 clones. A UPGMA dendrogram was constructed based on the pairwise genotypic variations (Sneath and Sokal 1962) by using the sequential agglomerative hierarchical nested cluster analysis module of the NTSYS-pc 2.10e program (Rohlf 2000) . Genetic similarity coefficients among the clones were determined by calculating Jaccard's similarities (Jaccard 1908 ) based on the raw data matrix as follows: GS = 2N ij /(N i + N j ), where GS is the genetic similarity coefficient, N ij is the number of alleles in common between clones i and j, and N i and N j are the total number of alleles observed for clones i and j, respectively. PCA was performed by using SPSS 17.0 (Coakes and Steed 2009; Gao et al. 2009 ) following the description in Rajora's (1989) paper, and principal component 1 and 2 was extracted for visualizing the ordination of these clones.
Results
Polymorphism of SSR markers
We screened six SSR primer pairs that generated highly polymorphic and clear genotyping profiles (Fig. 1) . The number of alleles detected at each locus ranged from 5 to 16, and a total of 62 alleles were generated by these six primer pairs (Tables 2 and 3 ). The observed heterozygosity ranged from 0.20 (NJFUPpoly07) to 0.72 (NJFUP-poly06), with an average value of 0.55 per locus (Table 2) . Among these primer pairs, the ones amplified dinucleotide repeats (NJFUP-poly02:13, NJFUP-poly05:14, NJFUP-poly07:16) revealed significantly higher allelic variation than the two amplified trinucleotide repeats (Tables 2 and 3 ). At different (Table 4 ). The number of clones that had unique genotypes at different loci ranged from 3 to 22 (Table 4) . Based on the fingerprints of six SSR markers, all 43 elite clones could be discriminated unambiguously. Fig. 1 . Example of fingerprinting profile generated by primer NJFUP-poly01. 175, 178, 180, 183, 184, 172, 173, 176, 177, 179, 183, 186, 187, 189, 192, 193, 196, 177, 180, 181, 183, 185, 186, 187, 189, 193, 195, 197, 251, 254, 257, 259, 263, 184, 188, 190, 191, 192, 195, 196, 197, 201, 203, 205, 209, 214, 218, 143, 144, 146, 149 Among them, NJFUP-poly02 was the most informative primers for genetic discrimination of these elite clones.
With this primer alone, it could identify 22 clones from the the other P. deltoides. By contrast, NJFUP-poly10 was the least informative primer, it could only identify three clones from the rest ( Table 4 ). The frequency of each genotype ranged from 0.02 to 0.44 at different SSR loci (Table 5 ). Under the assumption that genotype frequency was independent at each locus, these six primers gave a very high identification accuracy for each of these clones (Table 5) , with error probabilities less than 3.90E-06.
Genetic relationship analyses
The genetic relationship of these 43 elite clonal accessions were first plotted by a UPGMA dendrogram constructed from the Jaccard's similarities. These clones were evident into two major groups at similarity coefficient of 0.765 (Fig. 2) , and clone "C7-1" was found to be the most distant clone from the others, forming group A, while the remaining 42 clones formed group B. Group B contained two subgroups at similarity coefficient of 0.771: subgroup I contained clone "C51-1" alone, which was the second most distant clone from the rest in subgroup II. In subgroup II, clone "C100-3" and "C62-3" formed a very close small group (ii) at similarity coefficient of 0.780, which contained the third most distant clones from the other 39 clones. On the UPGMA dendrogram, many subclades contained clones from the same state. However, clustering of these clones generally was not in accordance with the administrative division of the three states. Ordination of these clones on the first two principle component axes (36.11%, 27.69%) revealed that the results of PCA analysis were generally consistent with that of the UPGMA clustering (Fig. 3) . Accordingly, the two most solitary clones ("C7-1" and "C51-1") in the PCA plot were revealed as the two most distant clones from the others on the UPMGA chart, and the third most distant small group (ii) formed by "C100-3" and "C62-3" on the UPGMA chart was found to be the third most isolated group in the PCA plot. In addition, clones in clade "i" on the UPGMA chart could be divided into corresponding subgroups in the PCA plot with a similar similarity coefficient.
Discussion
Microsatellite markers always exhibit high polymorphism compared with other markers, which are generally co-dominant and multi-allelism (Ferreira and Grattapaglia 1998) . Therefore, they are widely used for assessing the genetic diversity and for exploiting the genetic variability in different organisms (Song et al. 2012; Zia et al. 2014 ). Due to their reliability and high discriminative power, SSR markers also have been recognized as one of the standard fingerprinting methods for genetic identification and protection of new plants varieties (UPOV 2007) . SSR fingerprinting has been successfully applied for cultivars discrimination in many plant species, including Pupulous, such as P. tremuloides (Dayanandan et al. 1998; Rahman et al. 2000) and P. canadensis (Rajora and Rahman 2003) , as well as a number of crops and horticultural plants, such as Prunus persica (Cheng and Huang 2009) , Lactuca sativa (Rauscher et al. 2013) , and Oryza sativa (Shanthi et al. 2012) .
In this study, we developed a genetic toolkit comprising six SSR primer pairs for the identification of 43 elite clonal accessions of P. deltoides. Our results clearly demonstrated that each of these clones could be unambiguously discriminated based on their SSR Fig. 3 . Principal coordinate analysis (PCA) on 43 accessions from P. deltoides using the six markers. Variation explained by the first principal component is 36.11%, the second principal component, 27.69%. fingerprinting profiles. All SSR primers generated high quality fingerprints with high allelic diversity and high power of discrimination for the studied P. deltoides clones. In addition, according to the genotype frequencies at each loci, these elite clonal accessions could be identified from the other clones with very high accuracy ( Table 5 ). The high informativeness of these SSR markers made it feasible to identify each of these clones at molecular level. Without this genetic toolkit, these clones could not be distinguished merely based morphological and phenological traits.
In our study, the PCR products were analyzed on a 3730 ABI DNA analyzer, which generated fingerprints with much higher resolution than the conventional gels or the PAGE electrophoresis (Zia et al. 2014 ). According to the electrophoresis profiles, each of these clones had unique fingerprint at different SSR loci, thus each clone could be distinguished directly according to its unique fingerprint without resorting to their multilocus genotypes. Among these primers, NJFUP-poly02, NJFUPpoly05, and NJFUP-poly07 were highly informative primers for genetic fingerprinting of the 43 elite clonal accessions of P. deltoides, which amplified microsatellites with dinucleotide repeat motif. By contrast, primers NJFUP-poly01, and NJFUP-poly06 were less informative, which amplified microsatellites with trinucleotide repeat motif. This result was consistent with the general conclusion that SSRs with trinucleotide repeat motif are less polymorphic than those with dinucleotide repeat motif (Rahman et al. 2000) . SSR primers selected in this study exhibited much higher PD values (0.89 on average, Table 4) than that of the SSR primers (0.56 on average) screened in Rahman and Rajjora's (2002) study. Both the UPGMA clustering and PCA plot showed that clones 'C7-1', 'C51-1', 'C100-3', and 'C62-3' were much more distant from the rest of the investigated clones. Although intra-specific pollination has a higher compatibility than inter-specific pollination, the occasional occurrence of inter-specific hybrids is highly possible. In nature, P. deltoides can easily hybridize with many other poplar species (Hersch-Green et al. 2014) . Since these distinct clones were all selected from the open-pollinated seedlings, we proposed that they might be the natural hybrids of P. deltoides with other poplar species, whereas no morphological or phenological traits were observed on these clones distinct from the rest clones under investigation.
In conclusion, our study developed a powerful genetic toolkit for the identification of these elite clonal accessions of P. deltoides, and enriched the primer resources for genetic fingerprinting and for protection of the intellectual property rights of the poplar breeders. It also provided essential technical support for the sustainable development of the poplar plantations and for the rational utilization of these poplar resources.
